Development and Maturation of the Immune
Sysgem: Vulnerahility to Toxicants

The take-home message | would like to leave about developmenta immunatoxicity is,
from my experience, tha the developing immune system is highly sendtive. In some
cases markedly more so than the adult immune syssem. And | think this statement is
probably going to expand as we learn more and more about devel opmental
immunotoxicology. But thisfidd isdill initsinfancy.

There is a decent literature base which we've tried to summarize in areport that should
come out in the next couple of months in Environmental Health Perspectives (note: the
paper mentioned was published in Environmental Health Perspectives 108 Supl. 3:463-
473, 2000). Rdph Smidowicz of the U.S. EPA at Research Triangle Park, North
Cardlina, was a co-author. Weve tried to summarize the information that's out there,
Again, it'sahighly sengtive system, and if | don't leave any other message that's one |
would like to leave.

Thisisascheme for development of the immune system

Here we see the early pluripotent stem cdlls that under loca microenvironmenta
influences will produce dl of the white blood cells that comprise the immune sysem
During deveopment the immune system is largely established; ontogeny of thissystemis
largely apre- and early-perinata event, which | think is part of why the sysemis so
sengtive to chemical or other exposures.

The sysem is characterized by carefully timed and highly regulated waves of
proliferation and differentiation that are very sendtive targets for some chemica
exposures. We know that genetic abrogation can occur in part of this system -- for
instance lymphocytes (T-cdlls and B-cdls). The genetic loss of ability to produce those
cdlsresultsin asyndrome caled SCIDs (severe combined immune deficiency), and the
postnatal consequences are critica to life-threstening. In like manner, certain chemicas
will interfere with different parts of the establishment of the immune sysem

Diethyltilbesirol (DES) is avery potent and selective targeter of the progenitor of the T-
cdl. Dioxin isadso avery potent and sdective targeter of the prothymocyte. With ether
of these chemicals, low level exposure results in impaired colonization of the thymus by
these cdls. We see tremendous thymic involution.

This system is very amenable to targeting by a number of chemica agents. | don't mean
to imply that DES and TCDD only target the prothymocyte, however the latter seemsto
be avery sengtive cdl. In our |aboratory we isolated prothymocytes and evaduated
estrogen receptor expression on these cdlls. They do have ardaivey high-&finity
estrogen receptor, which might explain their sensitivity to DES and might have
implications for environmenta estrogens as well, bisphenol and so forth thet at low levels
may affect developmert of the immune sysem.

In addition to being characterized by waves of proliferation and differentiation, this
system is characterized by multiple shiftings of hematopoietic compartments during
development. As early as 24 hours in some vertebrate species we have these cdlls of fetd



origin formed on the area vasculosa of the fetal yoke sac, and shortly theresfter they'll
migrate to blood idets within the yoke sac. Asthe yoke sac diminishesthey'll migrate to
fetd liver. Fetd liver isthe primary hematopoietic organ throughout most of gestation.
It'ssmilar to bone marrow in the postnatal arena. A number of chemicd agents are very
effective a targeting immune cdls and fetd liver.

Asthefetd liver becomes more devoted to metabolism these stlem cdls will migrate to
bone marrow. Thisisthe perinatal Stuation where our bone marrow becomes
hematopoietic. Early in life these are the long bones of our legs and our arms. Aswe age
these bones fill with yellow fat and become less devoted to hematopoies's, and we have a
findl shifting of the primary hematopoietic compartment to the bones of our axillary
skeleton: our ribs and our vertebra, our sternum and our pelvis. Thus, when adults donate
bone marrow thisis usudly collected fromthewings of theileum (pelvis). So we have
multiple migrations of these compartments, and these are adl subject to chemical

targeting.

This system is the one shown up here for humans. The developmenta pattern in the
mouse isSmilar, except that timing is quite different as to when the mouse produces
these cedlls as compared to when the human does.
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Reaph Smidowicz and | developed a comparison between humans and the mouse in
terms of maturationa immune system landmarks and when they occur. For instance,
surface immunoglobin expression on B-cellsin humans occurs at 10 to 15% of the way
through gestation Y ou see again the mouse is quite different here, being 85% of the way
through gestation before we see the same landmark in the mouse. Fetd liver
hematopoieses isfirst detected in humans 15% of the way through gestation; in the
mouse hafway through gestation.



T-cdls have the ability to dondly expand 35% of the way through gestetion, or at about
the end of the fird trimester in humans. And again, at 85% of the way through gestation
in the mouse.

The message here is that ontogeny of the immune system, the basic system occurs earlier
in humansthan inthe mouse. Most immunotoxicity sudies expose animasin late
gedtation. In the mouse we're exposing them a atime when immune development is
samilar to thet occurring in - humans, which is quite early. We need to remember this
when we try to make comparisons. Y ou see functiond naturd killer cdls here in humans,
end of thefirgt trimester, but functiona NK cdlls don't show up until birth or theresfter in
the mouse.

So whilethe overdl sygemislad down in asmilar manner in mouse and humans the
timing is quite different, and for purposes of risk assessment that can be quite important.
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i We were asked at a children's health
workshop late last year in Richmond to try to produce critica windows of exposure, a
topic gpplicable to thismeeting aswel. A pand of about a dozen of us decided we redly
couldn't do this, with chemicas at least. We estimated as best we could in the mouse
mode and in the human when critical exposure windows might be. One of these was
initiation of hematopoiesisin which slem cdlls are activated to produce progenitors,
which then donaly expand. Thiswould seem likely to be a sengitive time, and we know
that for some chemicdsitis

Smilaly, a days 9 to 10, migration of stem cdls and further expansion of progenitors
occurs and may be a sendtive time. We speculated on other sengtive times; thisfigure's
will bein aworkshop overview paper coming out soon, so it will be readily available.
[Note: the paper mentioned is now published, Environmental Health Perspectives 108,
Suppl. 3:483-490, 2000]

The organizers of the meeting wanted us to put chemicals down here with arrows, for
instance chlordane, and point up here to days 9 to 16, and say thisisthe sengtive time.
Our decison was that there was not a sufficient database for any chemicad to dlow usto
edtablish the most sengtive time in developmert.

Chlordane we know affects early events as well aslate events. Beyond chlordane weve
rarely considered earlier time periods when we're firgt establishing pluripotent sem cdlls,




and what effects chemicals might have on that process. We just don't have the answer to
that.

Critical Windows of Exposure for the Immune System
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| selected afew chemicals as examples of consequences of early exposure to
immunotoxicants. These chemicas are chlordane, benzo[ alpyrene, diethylstilbestrol, and
dioxin. I know a number of you are familiar with and have worked with these.

When | began my post-doctoral appointment as atoxicologist, | shared the lab with
another post-doc named Benny Blaylock (an immunologist from Arkansas). Benny is
head of the Toxicology Department now at University of Louisiana, Monroe. He did his
dissertation work with chlordane. 1 remember hm commenting, "It was just amazing to
me that | exposed pregnant miceto low levels of chlordane that produced limited to
nondetectable immune effects in adult mice, yet the offspring of these mice were
immunologicaly different the rest of ther lives" His dissertation work involved
following these mice to 18 months of age, and showed sgnificant immunosuppressionin
these now-geriaric mice. So again, a levelsthat have minimd to nondetectable immune
effectsin the adult animal the offoring were immunologicaly different asfar out aswe
looked which was 18 monthsin this case.

Chlordane of courseisacyclodiene insecticide and iswidely digtributed. To illugtrate
this fact, we had a problem in our area recently with box turtles, of dl animals, that were
exhibiting -- these were wild-caught animas -- avitamin A deficiency. | tend to get the
reptile calls for the college and ended up evauating these turtles. We livein avery
pristine areg, in the mountains in the western part of Virginia To make along story short,
the turtles had congderable chlordane in their livers, which appears to have caused the
vitamin deficiency. This was afarly-widdy distributed compound but its usein this
country was banned in the late "70s. Nevertheless, there appears to be enough left in our
areato cause hedth problemsin wild turtles.

Benzo[a]pyreneis a polycyclic aromatic hydrocarbon and is produced by combustion of
fossl fuds, among other things. It is a potent carcinogen, and one of the carcinogens of
concern in cigarette smoke. It is a potent anti- proliferative agent and, therefore, an



immunotoxicant, it aso binds the Ah receptor, and likdly has other immunatoxicity
effects asaresult of that.

Like chlordane, prenatal exposure to benzo[a]pyrenewill produce permanent postnatal
immunosuppresson in mice. Thisis something we don't seein adults. Effects in the adult
tend to be trandent, yet in the prenatal arenawe've observed changes that are permanent
with that compound.

These two compounds on the right, diethylstilbestrol being a nongteroida estrogen, a
mode estrogen and the first demongtrated transplacentd carcinogen, is dso a potent
immunotoxicant. Estrogens at physological levels are immunomodulating , whichin
part explains superior immune responses to men. \Women can mount a stronger T-cell
immune response and produce higher levels of antibodies, higher titers. These are
estrogen-driven traits. However, thereés aprice to be paid for this difference in femaes.
Women are consderably more prone to develop autoimmune disease. For instance,
systemic lupus occurs 11-to-1 in women over men So this compound is
immunomodulating a physiologic levels. But at pharmacologic levelsthisis
immunotoxic. And a very low levels of exposure the same istrue of dioxin.

These latter two compounds produce a very prolonged postnatal immunosuppression. A
recent concern, and a new concern of the NIH (which sent out arelated RFA not long
ago) isthat exposure to these compounds may induce or exacerbate autoimmune disease
in the human population. Such disease appearsto beincreasing. The possihility that
environmentd chemicals (prenatd or postnatal exposure) may be related to expression of
autoimmune disease has not received much attention by researchers.

We were aso asked to address risk assessment, and how we might approach thisin
developmenta immunotoxicology. I'll explain whet is often done.

Thisfigure is from the Nationa Toxicology Program' s immunotoxic chemicd testing
paradigm that was developed in the B6C3F1 mouse. Chris Portier isin the audience and
had abig hand in developing this system.

Thisiswhat | and many others have used. These are Smply immune assays dong this
line here. For instance, the top assay is a plaque-forming cell assay , which measures



ability of the animd to produce antibody following chdlenge with a specific antigen. It
turns out thisis avery good test for detecting immunosuppression. |f we have chemical-
exposed mice and their ability to produce antibody is sgnificantly beow control leves,
the predictive vaue for dinicdly sgnificant immunosuppresson is 0.78; there's about an
80% likdihood that thisanimd redly isimmunosuppressed. Bascdly, you don't want
your ability to produce antibody to be depressed, according to this risk assessment
paradigm.

By immunosuppressed | mean if we challenge the mouse with a bacterid pathogen (e.g.,
ligeria) or with a syngeneic tumor cdl, (theimmune sysem plays arole in diminating
such cdls), then well find thet these animal's cannot respond immunologicdly a a
control level. So, that's what these predictive values are indicating.

Thisoneisnaturd killer cdl activity which has a0.69 predictive vaue; 69%. For the
ability of T-cdlsto dondly expand, 67%; leukocyte counts down here, 43% (not ared
good test, not a high predictive vaue). You'l see the same assays are listed on this axis
here (horizontd). That gives us a pairwise concordance for predicting
immunosuppresson. The plague-forming cdl assay paired with thymic weight, 92%,
were getting pretty high. And up here the cytotoxic T lymphocyte assay paired with the
PFC assay, ahundred percent. Thisisthe risk assessment paradigm | use.

It sfelt that this system probably applies reasonably well to other species beyond the
B6C3F1 mouseit's been developed in. How well doesit apply  to gestational exposure?
Isthe ability to produce antibody asimportant if it's depressed following prenatal
exposure? If | let these animals be born and evauate them six weeks later does it mean
the same thing? |sthe predictive vaue the same as in the system that this paradigm was
developed in? That's a question nobody knows the answer to.

It wouldn't be overly difficult to reproduce this paradigm in a developmenta arena so that
we would know what those predictive valuesare. And | think that would be a
worthwhile thing to do for estimating damage to the immune system from early exposure
rather than late-life exposure. And | would guess those predictive values would be fairly
gmilar but, again, that's my estimation.



Comseguences of Developmental Exposure

One of those immune tests on the previous dide was Smply thymic-to-body-weight ratio,
or thymic mass, thymic cdlularity. Thisisthe dide of athymus of a control animd.

There are two thymic lobes that are located in the cauda neck/cranid thoracic cavity area
in the mouse. The magnification here is 50x.

The thymus isimportant because it contains developing T-cdlls, and if we give a
chemicd that diminishes thymic size we have fewer T-cdlsto participate in immune
response and this might cause immunosuppression. Notice in this dide that the control
thymic lobe is considerably bigger than the fidd of the dide.
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given of agram or more DES for terminating lactation. Maes with prostate cancer
receive high doses aswdll.

S0 let's see what happens to the thymus of thismouse. Y ou seeit's quite abit smaler
now, when exposed to eight milligrams per kilogram of DES. This one thymic lobe fits
very readily on the fidld of thisdide. | could drag the other one over and put them both
on. So we see avery marked thymic involution with this pharmacologic exposurein a
postnatal Stuation to DES. Thiswas about a 12-week old C57BI/6 mouse.

Does the same thing happen in development with DES? The answer to that question is,
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indicator of thymic Sze. The DES exposure was three or eight micrograms per kilogram.
And you can seethis early exposure to DES s produced an involution of the fetal thymus
on day 18 of gestation when the thymus was taken. The point | wanted to make with this
dideis, the adult exposure | showed you was eight milligrams per kilogram. Inthis case
exposure to the pregnant animal was eght micrograms per kilogram, whichisa
thousand-fold less.

Thisexposure is by ord gavage, which means weve got fird- pass effect in the liver
removing a considerable amount of thisDES. But I'm going to over-estimate that 5% of
DES crosses the placentaand is avallable to the fetus.

In these mice we have avariable number of fetuses, but if we figure thet this distributes

to 10 fetuses and 5% crosses the placenta, then 5% is one-twentieth times 10 fetusesis
one two-hundredth the materna dose per fetus. We're dready at one one-thousandth the
level that the adult animal got that | showed you amoment ago. These fetd mice
received gpproximately one two- hundred-thousandth of the dose (that's 200 times a
thousand) that the adult animd received in the previous dides, and yet we see



comparable involution of the thymus. So, the system is very sengitive to early estrogen
exposure.

Results have been comparable with dioxin. We have given maternd exposures that |
would caculate picogram levels per fetus, yet we can show differences in the thymus
with TCDD. The developing thymus is a system that is remarkably sensitive sysem to
TCDD.

Thymic Cellularity

Is there an immune consequence to thislevel of fetd chemica exposure in the postnata
animas? We can readily show postnatal immune deficits following this kind of exposure
to DES. Both cdll-mediated and humoraly mediated immune functions are depressed.

These animals dso show more tumorsif chalenged with tumor cdls. Thisisone
indicator of actua immune capability. Although it's not shown here, if we chdlenge
these mice with a pathogen we again find that they are immunosuppressed. So there are
consequencesto this leve of early exposure.

Are there consequencesin humans? That's a difficult question, but DES is one chemica
where thereis a human cohort and we have some information. The mgority of these
sudies with the DES cohort are not immunotoxicity studies, there have been afew. In
generd I'd say they were weak studies, and | don't mean that in a critical way; there are
limits to what we can do in epidemiology studies with humans.

These studies have suggested atered lymphoproliferative responses and NK-cdl activity,
aswdll as 9gns of increased infection. Autoimmune disease maybe is one of the more
interesting ones. 1n 1988, Noller published his paper on the DES cohort. When all
autoimmune diseases were grouped the DES cohort was found to be dightly but
sgnificantly different. There was more autoimmunity in that cohort. There have been
attempts to replicate thisfinding in smaller sudies, some suggest it's an effect and some
dont.



This possihility that early chemica exposure may increase postnatd autoimmune disease

is being congdered now, and some limited rodent studies have been doneto try to
address the question. Al Silverstone at Syracuse has been exposing rodents geneticaly-
predisposed to autoimmune disease to low leves of estrogen (DES and estradiol) during
development, and has found thet thiswill both potentiate and exacerbate an autoimmune
nephritis. Mde mice don't tend to show signs of the disease, and such are limited, until
after thefird year of life. Withlow-levd, Sngle-dose exposure prenatally to DES maes
become autoimmune at about five months of age. The femdes are both induced in earlier
age and their responses are exacerbated from a single exposure to DES or estradiol during
development.

Similar results have been obtained in autoimmune mice exposed to TCDD during
development, by the very same invedtigator (Slverstone).

Aswe congdered data gaps in this system, | commented that developmental
immunotoxicity isafidd initsinfancy. There are many immunotoxicants that we know
are developmenta immunotoxicants.

TABLE 1
| rive T T L

Generdly speaking, an adult immunotoxicant is a developmenta immunotoxicant. The
amount that crosses the placentais critical. With some of these agents not alot gets
across the placenta.

Cyclosporin A is probably agood example of the latter. Cyclosporin A may be the drug
that's most responsible for our current ability to trangplant organs and maintain the
trangplant. Therefore, there are a number of women who have had an organ transplant
and want to do what we al want to do, get back to anorma life. These women are
having children, with the outcome being watched carefully. Some of the children are
born leukopenic, which isabit of ared flag. Cyclogporin A has what appears to be the
ability to dter development of sdf-recognition in immune cdls. For thisreason | have
some concern about this cohort, and the possibility that they might become autoimmune
when puberty comes.
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There are quite anumber of immunotoxicants that we know have developmentd effects
but we don't know much more than that. The literature database needs to be expanded in
that arena.

CONSIDERATIONS:

1. TIME PERIODS IN DEVELOPMENT MOST IMPORTANT: TOX., IMPACTY

2. CRITICAL TIMES IN DEVELOPMENT WHEN TOX ICANT MAY IMPACT LATER LIFE?
3. INFORMATION TO IDEHNTIFY MOST SUSCEPTIBLE SUBGROUPS OF CHILDRENT
A, INTERACTIONS OF TOXICANTS DURING DEVELOPMENTT

5. D0 LAB ANIMAL MODELS PREDICT HUMAN RESPOMNSEST

6. DATA GAPST

T.HOW TO IMPROVE RISK ASSESSMENT FOR INFANTS/CHILDREN?

We were asked to address a set number of consderations, o I'll finish with this dide:
What are the time periods in development that are most important ? What are the critical
timesin development when the toxicant may have its greatest effect on postnatd life?
Weredly don't know. For most of these chemicaswe realy don't know.

Agan, mogt dudies have been in the latter haf of gestation in the mouse modd. 1 think
it would be very important to sudy earlier events. Some studies of earlier events have
been done with chlordane and lead, but other than this the period has not been studied.

Critica windows. We wereredly afraid to try to nail down any chemicd, any
immunotoxicant in the literature in the last children's workshop.

Informeation to identify most susceptible subgroups of children: Well, some of the studies
using mice that are predisgposed to development of autoimmune disease are going to be
helpful in thisregard, so there are sepsin that direction.

Interaction of toxicants: Thisisa chemicd mixtures question. This has not been studied
in the devdopmenta immunotoxicology relm. My lab has achemica mixture RFA
funded for immunatoxicity, but the exposures are dl postnatad. I'm not aware that
anybody that isdoing thistype of work in a prenatd redm, so this certainly would be a
data gap.

Do lab models predict human responses? | would say, based on the data available,
probably reasonably well. Our mouse modd appears farly good for predicting human
responses but there are certainly many unknowns.

How to improve risk assessment? 1'd like to see the National Toxicology Program's
paradigm expanded into a developmenta arena. | think it would be a helpful thing to do.
And, again, there are certainly human cohorts — such as women taking chemotherapeutics
to prevent rgjection of organ grafts, dlografts, or to control autoimmune disease during
pregnancy, that would be excedllent groups to follow postnatally. These women have
been exposed to cocktails of immunosuppressantsincluding cyclosporin A, azethioprine
and s0 on, depending on the individua need in contralling their response. Following
offspring of these people postnatally would be a very good idea.
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